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Abstract This work presents the photocatalytic degradation
of the pharmaceutical drug clofibric acid in a fixed-bed reactor
filled with TiO2-coated glass rings. Experiments were carried
out under UV radiation. A kinetic model that takes into ac-
count radiation absorption by means of the local surface rate
of photon absorption (LSRPA) has been developed. The
LSRPA was obtained from the results of a radiation model.
The Monte Carlo method was employed to solve the radiation
model, where the interaction between photons and TiO2-coat-
ed rings was considered. Data from experiments carried out
with rings with different numbers of catalyst coatings and
different irradiation levels were used to estimate the parame-
ters of the kinetic model. A satisfactory agreement was obtain-
ed between model simulations and experimental results.

Keywords Photocatalysis . Kinetic model . Clofibric acid .

Fixed-bed reactor . TiO2-coated glass rings . Monte Carlo
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Introduction

Photocatalysis is an advanced oxidation technology with po-
tential use in the degradation of a wide range of organic pollut-
ants in the gas or liquid phase. Photocatalytic reactions start

with the absorption of photons with energy larger than the band
gap of the semiconductor catalyst. Then, electrons from the
valence band are promoted to the conduction band, generating
electron-hole pairs. These charge carriers can migrate to the
surface of the catalyst and participate in reduction and oxidation
reactions with the chemical species adsorbed, leading to the
degradation of the pollutants. Among several catalysts, titanium
dioxide (TiO2) is one of the most used because it has high
stability, good performance, and low cost (Moreira et al. 2011).

Photoreactors employed in heterogeneous photocatalysis can
be grouped into two broad categories: reactors having TiO2

particles in suspension (slurry reactors) and reactors with TiO2

immobilized on different inert supports (fixed-film and fixed-
bed reactors). Slurry reactors offer a high surface area for reac-
tions, ensuring a shorter time for pollutant degradation com-
pared to the reactors with immobilized TiO2. However, reactors
with suspended catalyst have several drawbacks that include
particle aggregation at high photocatalyst concentration, the re-
quirement of a filtration step after the photocatalytic treatment,
and the impossibility to apply a continuous process (Vaiano et al.
2015). These limitations can be overcome by the use of films of
TiO2 immobilized on different supports, such as stainless steel,
glass slides, beads, and Raschig rings (Sampaio et al. 2013).

For scale-up and design purposes of photocatalytic reac-
tors, it is necessary to develop kinetic models that take into
account the local rate of photon absorption. In this way, the
kinetic parameters estimated from the fitting of the experimen-
tal data will be independent of shape and configuration of the
reactor and, consequently, could be extrapolated to other re-
actor configurations. Therefore, a precise determination of the
spatial distribution of the absorbed radiation should be accom-
plished. Among the different numerical methods for the cal-
culation of the rate of photon absorption, the Monte Carlo
(MC) method is preferred in reactors with complicated geom-
etries (Moreira et al. 2010).
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The aim of the present work is to simulate the photocata-
lytic degradation of a pharmaceutical in a fixed-bed reactor.
Glass rings have been selected as support for the TiO2 films
because they have a large surface area and relatively high light
transmittances, which benefit the radiation distribution inside
the reactor (Cloteaux et al. 2014). Clofibric acid (CA), a phar-
maceutical employed as blood lipid regulator, has been chosen
as the model pollutant. The photocatalytic degradation of CA
in slurry reactors has already been demonstrated, reaction in-
termediates have been identified, and degradation pathways
have been proposed (Doll and Frimmel 2004; 2005 and Li
et al., 2011). However, to the best of our knowledge, a kinetic
model on the degradation of this pharmaceutical in a fixed-bed
reactor has not yet been published.

The rate of photon absorption was obtained by using the
Monte Carlo method. Subsequently, these results were incor-
porated in a kinetic model to compute the theoretical evolution
of CA concentration and its main intermediate, 4-chlorophenol
(4-CP). An optimization algorithm was used to estimate the
kinetic parameters by comparing the model predictions with
the experimental results obtained in the laboratory reactor.

Materials and methods

Experimental device

Experiments were carried out in a fixed-bed reactor filled with
5×5 mm borosilicate glass rings coated with TiO2. The wall
thickness of the rings was 0.75 mm. The reactor was cylindri-
cal, made of glass, with a volume of 54 cm3. A total of 310
rings were employed to fill the reactor, in random dispositions.
The aqueous solution was introduced into the reactor through
two inlet ports at the bottom of the reactor and exited from a
single exit port situated on top. The inlet ports are placed
obliquely creating a swirl-flow of the liquid inside the reactor,
ensuring a well-mixed solution. It was irradiated from one side
through a circular flat window with a halogenated mercury
lamp (Powerstar HQI-TS 150W/NDL from OSRAM) placed
at the focal axis of a parabolic reflector. The illuminated win-
dow was made of borosilicate ground glass. The lamp has an
emission spectrum ranging from 350–550 nm. To irradiate the
reactor only with UV radiation, a container with a solution of
CoSO4 was interposed between the reactor and the lamp. The
resulting spectral distribution of radiation that reaches the re-
actor window is shown in Fig. 1. In order to modify the irra-
diation level, two optical neutral filters were used to provide
transmittances of 62 and 30 % of the total radiation. These
filters attenuate the incident radiation without altering the
spectral distribution of the lamp. They were constructed on
polyester sheets transparent to UV-A radiation and were
printed with different tones of gray, with the aid of commercial

software, to provide the different transmission levels. Figure 2
shows a schematic representation of the fixed-bed reactor.

The reactor is part of a recycling system that includes a
peristaltic pump (Masterflex) and a storage tank of 1000 cm3

equippedwith a device for withdrawing of samples, a thermom-
eter, and a gas inlet for oxygen supply. The isothermal condition
(25 °C) was achieved by the incorporation of a water-circulating
jacket to the storage tank. A schematic representation of the
experimental device can be found in Manassero et al. (2015).

Experimental runs were carried out by varying the number of
coatings on the glass rings (1, 3, and 5) and the incident radia-
tion levels reaching the reactor window (30, 62, and 100 %).

The incident radiation fluxes at the reactor window, exper-
imentally measured by ferrioxalate actinometry (Murov et al.
1993), were 15.2, 9.39, and 4.58 nEinstein s−1 cm−2 for 100,
62, and 30 %, respectively.

0

1

2

3

300 320 340 360 380 400 420 440

xulF
noitaida

R
×

10
9

mc
nietsniE(

-2
s-1

)

λ (nm)

Fig. 1 Spectral distribution of radiation that reaches the reactor window
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Immobilization of TiO2

The catalyst was immobilized on the glass rings by the dip-
coating technique employing a suspension of 150 g L−1 of
TiO2 (TiO2 Aeroxide P25, Evonik Degussa GmbH,
Germany). The rings were dipped into the suspension at room
temperature and extracted at a constant withdrawal speed of
3 cm min−1 (van Grieken et al. 2009). Afterward, the rings
were dried at 110 °C for 24 h and calcined at 500 °C for 2 h
with a heating rate of 5 °Cmin−1. This procedure was repeated
to produce rings with different numbers of TiO2 coatings.

A spectrophotometric technique (Jackson et al. 1991) was
employed to quantify the mass of TiO2 immobilized per
square centimeter of rings. This technique involves the acidic
digestion of the catalyst fixed on the glass support followed by
the addition of H2O2 to form a colored complex that is pho-
tometrically detected at 410 nm. The mass of catalyst
immobilized was 0.02, 0.05,and 0.08 mg cm−2 for 1, 3, and
5 coatings, respectively.

In order to estimate the thickness of the films immobilized
over the rings, glass plates were coated with TiO2 employing
the same suspension and procedure as for the rings. The thick-
ness of these films was calculated from SEM images acquired
by a scanning electron microscope (JEOL, JSM-35C)
equipped with an acquisition system of digital images
(SemAfore). The average thicknesses were 0.11, 0.27, and
0.44 μm for 1, 3, and 5 coatings, respectively.

Photocatalytic experiments

The solution to be treated was prepared by adding 20 mg of
CA in a 1000-mL volumetric flask and diluting to volume
with ultrapure water. Before starting each experimental run,
the reactor was filled up with the coated rings and the solution
was placed in the tank. Then, the pump was switched on and
the solution was circulated in the system for 60 min in order to
reach the adsorption equilibrium between CA and the TiO2

coatings. In the meantime, the solution was fed with oxygen
and the lamp was turned on in order to stabilize the photon
emission. During this time, the lamp was shielded with a shut-
ter to prevent the arrival of radiation to the reactor. Once the
system was stabilized and the adsorption equilibrium was
reached, the first sample was taken from the tank and the
shutter was removed to start the reaction. Samples were taken
every 120 min for a total period of 660 min. The initial con-
centration of CA in all experiments was 9.30×10−8 mol cm−3.

Samples were analyzed by HPLC with a UV detector to
measure CA and 4-CP concentrations (Waters chromatograph
provided with a RP C-18 column XTerra®). The mobile phase
was a binary mixture of acidified water (with 0.1 % v/v phos-
phoric acid) and acetonitrile (50:50). Absorbance detection
was made at 227 nm (Dordio et al. 2009).

Experiments at pH 2, pH 5 (natural pH), and pH 10 were
performed in order to determine the best condition for the
photocatalytic assays. The highest CA conversion was obtain-
ed at pH 5 and, therefore, natural pH has been selected as the
initial condition.

Additionally, a control experiment was carried out in the
reactor without coated rings in order to evaluate the direct
photolysis of the pollutant under the irradiation conditions
employed in this study. No significant changes were detected
in the concentration of CA after 300 min of irradiation.

Mass balances

The assumptions made to obtain the mass balances for CA and
4-CP in the reaction system were the following: (i) the con-
version per pass in the reactor is differential, (ii) the system is
well-mixed, (iii) mass transfer limitations are negligible, (iv)
direct photolysis is insignificant, and (v) chemical reactions
occur only at the solid-liquid interface among adsorbed mol-
ecules. Thus, the general form of the mass balance in the
reacting system for a generic compound i can be written as
follows (Satuf et al. 2007):

dCi

dt
¼ Acat

VT
ri x; tð Þh iAcat

ð1Þ

where Ci is the molar concentration of i (mol cm−3), t refers to
the reaction time (s), VT is the total volume (cm3), and
ri x; tð Þh iAcat

represents the surface degradation rate of the i

compound averaged over the catalytic area, Acat (cm
2).

The simplified reaction pathway for the photocatalytic deg-
radation of CA considers the degradation of CA to generate
the organic intermediate 4-CP. Next, the degradation of 4-CP
leads to the formation of secondary organic intermediates (Xi).
Finally, these intermediate compounds could be eventually
mineralized to HCl, CO2, and H2O (Fig. 3). Other possible
oxidation products like 4-chlorocatechol, hydroquinone and
benzoquinone were not considered in the kinetic modeling
because their concentrations never reached significant levels.
In this way, the resulting mass balances for CA and 4-CP with
the corresponding initial conditions, are as follows:

dCCA

dt
¼ −

Acat

VT
rCA; x; tð Þh iAcat

CCA t ¼ 0ð Þ ¼ CCA;0 ð2Þ
dC4−CP

dt
¼ Acat

V T
rCA; x; tð Þh iAcat

− r4−CP; x; tð Þh iAcat

h i
C4−CP t ¼ 0ð Þ ¼ 0

ð3Þ

 

CA 4-CP Xi
HCl, CO2

and H2O

Fig. 3 Reaction pathway for CA degradation
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Kinetic model

The reaction scheme proposed for the photocatalytic degrada-
tion of CA is shown in Table 1 (Turchi and Ollis 1990;
Almquist and Biswas 2001).

The reaction rate expressions were obtained based on the
above scheme and taking into account the following assump-
tions: (i) photocatalytic reactions occur at the surface of the
catalyst particles among adsorbed molecules (Pelizzetti and
Minero 1993); (ii) dynamic equilibrium is achieved between
the bulk and the adsorbed concentrations of H2O, O2, inor-
ganic species, and organic compounds (Almquist and Biswas
2001; Dijkstra et al. 2002); (iii) molecular oxygen and organic
compounds are adsorbed on different sites of the catalyst
(Turchi and Ollis 1990; Terzian et al. 1990); (iv) competitive
adsorption between CA and its main reaction intermediates is
postulated; (v) the attack by the hydroxyl radical is the main
degradation mechanism for CA and its intermediates (Mills
and Davies 1993; Theurich et al. 1996); (vi) O2 concentration
is constant and in excess with respect to the stoichiometric
demand (Satuf et al. 2007); (vii) the concentration of water
molecules and hydroxyl ions on the catalytic surface remains
constant (Satuf et al. 2007); and (viii) the superficial concen-
tration of total adsorption sites for CA, per unit area of cata-
lyst, can be considered constant. Also, the low values of the
Thiele modulus (Φ) and the optical thickness (τ) obtained for
the thickest film (i.e., the most unfavorable condition,
Φ5coatings = 1.90×10

−4 and τ5coatings = 0.062) allow us to as-
sume that inside the TiO2 film, the concentration of CA and
the local volumetric rate of photon absorption are almost uni-
form (Camera-Roda and Santarelli 2007). From these assump-
tions, the following reaction rate expressions were obtained:

rCA ¼ α2CCA tð Þ
1þ α3CCA tð Þ þ α5C4−CP tð Þ −1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ α1ea;s xð Þ

p� �

ð4Þ

r4−CP ¼ α4C4−CP tð Þ
1þ α3CCA tð Þ þ α5C4−CP tð Þ −1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ α1ea;s xð Þ

p� �
ð5Þ

where αi are intrinsic kinetic parameters, and ea,s is the local
surface rate of photon absorption (LSRPA); that is, the amount

of photons absorbed per unit time and per unit area of the
TiO2-coated surface. A detailed derivation of these equations
can be found in Manassero et al. (2015).

Local surface rate of photon absorption

As observed in Eqs. (4) and (5), it is necessary to evaluate the ea,s

by the TiO2 films. In this work, theMonte Carlo (MC)method has

been applied to obtain ea,s at each point in the fixed-bed reactor.
Thismethod consists of tracking the trajectory of a great number of
photon bundles and computing the locations where they are
absorbed. The trajectories and fates of these photons are deter-

mined by using randomly generated numbers (Ri) between 0 and 1.
Due to the fact that radiation extinction by the coated rings

occurs mainly along the longitudinal axis of the cylindrical
reactor, and considering the incoming diffuse radiation at the
reactor window, the radiation can be modeled with one spatial
variable (x) and one angular variable (θ). The coordinate sys-
tem employed in the radiation model is shown in Fig. 2.

The 1D radiation model considers that photons travel with a
linear trajectory in the aqueous phase until they reach a ring wall
or the reactor walls. Those photons that reach the rings can be
absorbed by the TiO2 film, reflected or transmitted. The
absorbed photons are stored in a spatial cell, the trajectory ends
and a new photon bundle is considered. On the other hand, if the
photons are reflected, the new direction is determined by con-
sidering specular reflection (Imoberdorf et al. 2007). Those pho-
tons that are transmitted through the ring may interact with other
rings, until they are absorbed or they reach the reactor walls. It is
important to note that the radiation absorption by the glass rings
was not taken into account because the absorption of the boro-
silicate glass is negligible in the range of the lamp emission. A
flowchart of the MC algorithm developed is shown in Fig. 4.

The spectral distributionof the incident radiationwas discretized
into eight wavelengths. Also, the reactor length was divided into
small cells of length Δx to store the position of the absorbed
photons. Briefly, the model considers the following events:

Event 1: Photon direction. The ground glass window en-
sures diffuse radiation at the inner side of the reactor
window; therefore, the same probability is assigned to
all directions (Spadoni et al. 1977) and the angle θ that
determines the direction of the photons is given by:

θ ¼ asin 2R1−1ð Þ ð6Þ

Event 2: Length of the photon flight. The distance that
photons can travel without reaching a ring (ξ), is deter-
mined by the mean free path of photons inside the reactor
(MFP) and by a random number (R2), according to
(Imoberdorf et al. 2010):

ξ ¼ −MFPln R2ð Þ ð7Þ

Table 1 Reaction scheme for the photocatalytic degradation of CA

Step Reaction Reaction rate

Activation TiO2 + hν→ e−+ h+ rgs
Recombination e−+ h+→ heat k2[e

−][h+]

Electron trapping e−+O2,ads→ ⋅O2
− k3[e

−][O2,ads]

Hole trapping h+ +H2Oads→ ⋅OH+H+ k4[h
+][H2Oads]

h+ +OHads
− → ⋅OH

Hydroxyl attack CAads + ⋅OH→→ 4−CP K5[CAads][⋅OH]
4−CPads + ⋅OH→Xi k6[4 −CPads][⋅OH]
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TheMFP was estimated asMFP=VR/Aproj, where VR is
the reactor volume and Aproj is the total sum of the
projected area of the rings (Aproj =Nrings × l × d, where
Nrings is the number of rings in the reactor, and l and d
are the length and diameter of an individual ring). The
calculated value of MFP was 0.43 cm. Then, the new po-
sition of the photon bundle was determined as follows:

xnew ¼ xold þ exξ ð8Þ

where xold refers to the previous location of the photon
bundle inside the reactor, xnew refers to the new location,
and ex is the direction cosine.

Event 3: Reflection of the photons. A new random num-
ber (R3) and the reflectivity (ρ) on the ring wall (calculat-
ed using the Fresnel equation) were used to evaluate the
reflection of photons:

ρ > R3→The photons are reflected
ρ < R3→The photons are absorbed or transmitted

ð9Þ

Event 4: Absorption or transmission of the photons. If
the photons are not reflected, the effective transmit-
tance (T) was employed to evaluate if the photons
are absorbed. T was estimated by the following equa-
tion (Vella et al. 2010):

TTiO2 coating ¼ exp −κλtTiO2ð Þ ð10Þ

where κλ is the spectral volumetric absorption coeffi-
cient of the TiO2 film and tTiO2 is the average thickness
of the coatings. Values of κλ for each wavelength were
obtained according to Marugán et al. 2015.

By using a new random number, R4, it is possible to
determine if the photon bundle is absorbed or trans-
mitted, according to

T > R4→The photons are transmitted
T < R4→The photons are absorbed

ð11Þ

If photons are transmitted, the length of the photon flight is
estimated with Eq. (7) and the sequence continues. If photons are
absorbed, the absorption position is stored and the trajectory ends.

Finally, the LSRPA in each cell of the reactor was calculated as

ea;s xð Þ ¼
X

λ

qwλnphλ;abs xð ÞVR

nphλ;TΔxAcat
ð12Þ

where qwλ is the radiation flux of wavelength λ incident
at the reactor window, nphλ,abs represents the number of
photons of wavelength λ absorbed in a cell of position
x and length Δx, and nphλ,T is the total number of the
photons of wavelength λ considered in the simulation.
The value of qwλ was calculated from the spectral dis-
tribution of the radiation that reaches the reactor and
from the polychromatic radiation flux.

The simulation involved the tracking of 108 photon
bundles for each wavelength.

Results and discussion

Profiles of local surface rate of photon absorption

The profiles of the absorbed radiation in the fixed-bed re-
actor, obtained with Monte Carlo simulations, for different

Does the photon
leavethe reactor?

Count
N=n+1

YES
n<nphλ,T

END

NO

Posi�on and direc�on of photon at reactor wall
Posi�on: x=0
Direc�on: θ

Photon advance

REFLECTED

NO

Lost photon

Is the photon
absorbed, reflected

or transmi�ed?

Storage absorp�on
place

Direc�on of flight

YES

ABSORBED TRANSMITTED

Fig. 4 Monte Carlo algorithm
developed to evaluate the surface
photon absorption rate in the
fixed-bed reactor
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numbers of TiO2 coatings and different levels of irradia-
tion, are shown in Fig. 5. As observed in Fig. 5 (a), the
LSRPA increases with the number of TiO2 coatings. This
difference is more significant near the reactor window
(x = 0), while the LSRPA acquires practically the same
values at x=LR. Also, as expected, the LSRPA decreases
as the irradiation level is attenuated (Fig. 5 (b)).

It is worth noting that the profiles of radiation absorption
estimated for this fixed-bed reactor are smoother than those
estimated for a slurry reactor of the same dimensions
(Manassero et al. 2015). In the reactor filled with TiO2-coated
rings, the LSRPA decreases when we move away from the
irradiated window, but it never reaches zero. This situation
indicates the absence of dark zones in the reactor, leading to
a better utilization of its volume.

Estimation of kinetic parameters

The predicted values of CA and 4-CP concentrations were
obtained by introducing the kinetic expressions (Eqs. 4 and
5) into the mass balances:

dCCA

dt
¼ −

Acat

V T
rCAh iAcat ¼ −

Acat

V T

α2CCA

1þ α3CCA þ α5C4−CP

� �

−1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−1þ α1ea;s xð Þ

pD E
Acat

CCA t ¼ 0ð Þ ¼ CCA;0

ð13Þ

dC4−CP

dt
¼ Acat

VT
r4−CPh iAcat

¼ Acat

VT

α2CCA−α4C4−CP

1þ α3CCA þ α5C4−CP

� �

−1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−1þ α1ea;s xð Þ

pD E
Acat

C4−CP t ¼ 0ð Þ ¼ 0

ð14Þ

To obtain the five parameters involved in the kinetic ex-
pressions, the Levenberg-Marquardt optimization methodwas
used. This optimization algorithm minimizes the sum of the
square of the differences between predicted and experimental
concentrations.
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Fig. 5 LSRPA profiles in the reactor. a Rings with different numbers of
TiO2 coatings and 100 % irradiation level: one coating (solid line), three
coatings (broken line), and five coatings (dotted line). b Rings with three
coatings and different levels of irradiation: 100 % of irradiation (solid
line), 62 % of irradiation (broken line), and 30 % of irradiation (dotted
line)

Table 2 Kinetic parameters of
both complete and simplified
model

Parameter Value 95 % confidence
interval

Units

Five-parameter model α1 1.27 × 1010 0.20× 1010 cm2 s Einstein−1

α2 6.38 × 10−5 0.48× 10−5 cm s−1

α3 2.67 × 10−5 0.16× 10−5 cm3 mol−1

α4 5.12 × 10−4 0.72× 10−4 cm s−1

α5 1.01 × 10−6 0.34× 10−6 cm3 mol−1

Three-parameter model α1 2.95 × 1010 0.31× 1010 cm2 s Einstein−1

α2 3.24 × 10−5 0.11 × 10−5 cm s−1

α4 2.57 × 10−4 0.25× 10−4 cm s−1
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Once the values of the kinetic parameters were obtained, it
was possible to conclude that

α3CCA≪1 and α5C4−CP≪1

Thus, the kinetic model can be simplified according to the
following equations:

dCCA

dt
¼ −

Acat

VT
α2CCA −1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−1þ α1ea;s xð Þ

pD E
Acat

ð15Þ

dC4−CP

dt
¼ Acat

VT
α2CCA−α4C4−CPð Þ −1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−1þ α1ea;s xð Þ

pD E
Acat

ð16Þ

Therefore, a new estimation was carried out considering
the simplified equations. The values of the kinetic parameters
for the complete and simplified models are shown in Table 2.

Simulated and experimental concentrations of CA and 4-
CP using glass rings with different numbers of TiO2 coatings
and 100 % irradiation level are shown in Fig. 6.

The initial reaction rate was accelerated when the number
of catalyst coatings was increased from one to three (from
1.09×10−11 to 2.50×10−11 mol cm−3 s−1). However, from
three to five coatings, the reaction rate was only slightly in-
creased (from 2.50 × 10−11 to 2.81 × 10−11 mol cm−3 s−1).
Therefore, experiments under different irradiation levels were
carried out with rings containing three coatings of TiO2.

The initial reaction rate was 7.78 × 10−12, 2.20 × 10−11,
and 2.50 × 10−11 mol cm−3 s−1 for 30, 62, and 100 % irradi-
ation level, respectively. As expected, the reaction rate in-
creases with the irradiation level, but the difference between
the rate obtained with 62 % and the one obtained with
100 % is not very important. This effect can be attributed
to the undesired increase in the recombination of the
photogenerated electrons and holes in the catalyst at high
levels of irradiation, reducing the availability of charge car-
riers to generate hydroxyl radicals.

The kinetic model could adequately simulate the degrada-
tion of CA and 4-CP under different experimental conditions.
The root mean square error of the estimations, considering the
concentrations of CA and 4-CP, was 14.7 %.

In order to assess the loss of activity of the catalytic films,
four experiments were performed by reusing the glass rings
with three TiO2 coatings (each one involving 360 min of re-
action). No significant differences in the final conversion of
CAwere obtained, showing that no appreciable loss of activity
was found after 4 cycles of use of the catalytic rings.

Conclusions

In this work, the kinetic model of a photocatalytic, fixed-bed
reactor filled with TiO2-coated glass rings has been devel-
oped. The local rate of photon absorption, which was

necessary to evaluate the reaction rate of the model pollutant
CA, was calculated by using Monte Carlo simulations. The
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Fig. 6 Photocatalytic degradation of CA using glass rings with different
numbers of TiO2 coatings. Symbols: experimental concentrations (white
square=CA; white circle= 4-CP); solid lines: model simulations. a One
coating, b three coatings, and c five coatings
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results obtained in this study show that the fixed-bed reactor
can successfully degrade CA in aqueous solution. The TiO2-
coated glass rings, employed as filling, allow a deep penetra-
tion of radiation along the reactor, leading to a more efficient
use of the incident photons when compared with slurry reac-
tors. Moreover, the catalytic films supported on the glass rings
are stable and show no deactivation after several reaction cy-
cles, being readily applicable for continuous process.

With only three kinetic parameters, it was possible to esti-
mate the concentration of CA and its main intermediate, 4-CP,
under six different experimental conditions (three irradiation
levels and three different numbers of TiO2 coatings over the
glass rings).

Acat, catalytic area (cm
2); Aproj, projected area of the rings

(cm2); C, molar concentration (mol cm−3); CA, clofibric acid;
4-CP, 4-chlorophenol; d, ring diameter (cm); ea,s, local surface
rate of photon absorption (Einstein cm−2 s−1); ex, direction
cosine (dimensionless); l, ring length (cm); LR, reactor length
(cm); LSRPA, local surface rate of photon absorption (Einstein
cm−2 s−1); MC, Monte Carlo; MFP, mean free path (cm);
Nrings, number of rings in the reactor; nph, number of photons;
qw, incident radiation flux (nEinstein s−1 cm−2); Ri, random
number; r, surface degradation rate (mol cm−2 s−1); T, effective
transmittance (dimensionless); tTiO2

, average thickness of the

coatings (cm or μm); t, time (s); V, volume (cm3); Xi, second-
ary organic intermediates; x, axial coordinate (cm); x, position
vector (cm)

Greek letters
αi,αi

' , kinetic parameter; κ, spectral volumetric absorption
coefficient (cm−1); ξ, length of flight (cm);ρ, Reflectivity
(dimensionless);θ, spherical coordinate (rad)

Subscripts
abs, Absorbed; CA, clofibric acid; 4-CP, 4-chlorophenol;

λ, dependence on wavelength; R, Reactor; T, Total; Tk, Tank;
0, initial condition

Special symbols
〈〉, denotes average value over a given space; Δx, length of

the cells employed in MC simulations (cm)
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